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OH TEE LOW-SPEED AERODYKAMIC CHARACTERISTICS 

By George W. Jones, Jr. 

The results are presented of  an investigation of the effect of 
Reynolds number (between 0.4 x lo6 and 3.0 x 1&) and the additfon  of 

c leadingedge roughness on the aerodynamic cbu-acterist ics  of three'wfngs 
of   aspect   ra t io  I, 2, and 3, each having a rectangular plan form, square- 
cut w f n g  t i p s ,  and N A ~ A  0012 a i r fo i l   s ec t ions .  The lift curver3 in- 
fn slope beyond the l0V-angl.e lFnear range, with the bend becolnlng mre 
pomlnent as the aspect r a t i o  is decreased. In the regfon w h e r e  the lfft 
curve6 start t o  bend, the slope of the curve of p i t a g  momeat about the 
quarter-chord mint changes f rom positive t o  negative values. There I s  
a ems11 but definite scale effect on the lift-curve slope at zero lift, 
and the experfmental d u e s  of the lift-curve slope are slightly higher 
than theore t ica l  values obtained by the Weissinger method. There is a 
substant ia l  Increase in maximum lift coefficient with increasing Reynolds 
number -for  smooth wings, but with leading-edge ro*&mess added m e t  of 
this increase disappears. Scale effect on the section maximum lift is 
similar t o  that on the w i n g  msxlmm lift, but the w i n g  values afe some- 
w h a t  lower because  of three-dimansional ef fec ts .  

I 

In connection with come studies  of hydrodynamic control  surfaces, 
three "aspec t - r a t io  rectangular airfo i l s  were tested at low aubsonic 
m c h  numbers in the langley low-turbulence pressure tunnel. The thme 

c 

a w h g s  w e r e  of NACA 0012 a i r fo i l   sec t ions ,  had aspect r a t i o s  of 1, 2, 



. ... 
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and 3, and were investigated a t  Reynolds numbers ranging from 0.4 x 10 6 
t o  3.0 x 106. Since the lift and momeat characterist ics  of these wings, 
par t icular ly  as affected by aspect  ratio,  Reynolds number,  and roughness, 
may be of general interest, the resu l t s  of the investigation are pre- 
eented  herein. 

r, 
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SYMBOLS 

A 

CL 

(%)a = 00 

%/4 

a 

R 

M 

aspect   ra t io  

wing lift coefficient 

maximum w i n g  lift coefficient 

w i n g  pitching-moment coefficient  for moment about 
quarter-chord  point 

wing angle of a t tack 

Reynolds number 

f'ree-stream Mach  number 

Models.- The three wings used in the t e s t e  were made of aluminum 
a l loy  which was polished to give a wnooth surface. The wings had rec- 
tangular  plan forms, eymmetrical NACA 0012 a i r fo i l   sec t ions ,  and aspect 
r a t i o s  of 1, 2, and 3.  The w i n g  spans were 14 inches for the wing with 
A = 1 and 20 inches  for the wings with A = 2 and A = 3. The wing 
t i p s  of each w i n g  w e r e  cut  off  square (a8 by a plane  perpendfcizlar t o  
the  leading edge). A sketch of one of the  w i n g s  mounted on the s t ing  
balance is sham in figure 1. 

I 

Wind tunnel and test methods.- The investigation was conducted in 
the  Langley lar-turbulence pressure tunnel. The test   esctfon  of the 
tunnel measures 3 feet by 7.5 feet. The Reynold;  number was varied by 
changing the tunnel speed snd tunnel air density. A complete description 
of the  tunnel I s  pesented  in reference 1. 
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i The models w e r e  mounted on a st- which employs a conventional 
6-component strain-gage balance. Meaeuremnts of the normal force,  chord 
force, and pitching moment w e r e  taken v2th the balance. The normal force 
and chord force were resolved  to give the lift values. Tha sting WETS 
attached t o  each wing at  the quarter-chord  point  through a notch  cut in 
the w i n g  so that the sting touched the wing only at the  point of attach- 
ment. The sting body projected above and below the w i q  contour; there- 
fore, two fatred sheetatal  hoods were f i t t ed  over the sting t o  give a 
smooth flow of air. The hoods were fastened  to the wing alone and they 
were not allrrwed t o  touch the sting. No ef for t  was made to subtract  the 
e f fec t s  of the st- fairing f r o m  the balance  readings, so that the aero- 
dynamic characteristics presented are those  of the w i n g  plus aupport 
interference. 

I 

It vas felt that the fnclusion of the support  interference would 
not change the scale e f fec t s  on the aerodynamic ch~,ract.eristice under 
consideration  although the absolute values of the meaaure'd character- 
i e t i c s  would be slightly in er ror  because of the support  interference. 

Testa.- The tests of each m o t h  plain w i n g  consisted of measure- 
mezlts of the chord  force, normal force, and pitching moment a t  Reynold~ 
nmte re  of 0.4 x 106, 0.7 x 106, 1.0 x 106, 1.5 x 106, 2.0 x 106, 
2.5 X 106, end 3.0 x 106. The engle-of-attack range wed waa a = -1s 
t o  a = 26O . The followfng table g i v e s  the free-stream Mach number 
corresponding t o  each Reynolds number: .1 

.7 1 ;:; 

T M for w i n g  of  aspect r a t i o  of  - 1 
I 

0 -20 
-25 
.20 
*I9 
.12 .ll 
.ll i 2 3 

0.28 .-20 
. "" .IS_ 

13 
.12 
=w .08 

Standard  leadingedge  mugbeas we8 applled t o  the wings aha the afore- 
mentioned.procedure was repeated. The stendard l ead ingedge  roughnees 
was the same as that used in prevlous  investigations and consisted of 
0 .Oll-fnch-dia,meter carborundum grains spread over a surface length of 
8 percent of the chord measured fKnn the leading edge on the upper and 

r lower surfaces of the a i r f o i l .  _ _  *." - -.-_._ . . ." - _  
' ._ 
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RESUL!FS AM) DISCUSSION 

HACA RM ~ 5 x 1 8  

e 
L i f t  end llaoment .- The results of the t e s t s  are given in  figure 2 i n  

the form of l Y f t  and pitching-monaent data fo r  each of the w i n g s  with 
both smooth surfaces and leading-edge  roughness  throughout the Reynolds 
number range.  Although no tare corrections have been applied, the 
results have been corrected  for  tunnel-wall  effects  (ref. 2). The lift 
curves for   the wing of aspect   ra t io  1 are not'  extended t o  the stall 
because the limit on the angle-ofa t tack  range of  the s t ing  mount was 
less than the stall angle. In  general, the lift curves are not linear 
but show an increase in  slope at some positive lift coefficient. This 

A = 2 and A = 3. It is  in te res t ing   to   no te  that the  moment curves 
show changes from a -11 positive slope t o  a small negative slope at  
about the same angle as that where the bend in  the lift curve appears. 
A t  some higher angle there occurs a sharp n e e t i v e  break in the moment 
curve (or a sudden rearward movement of the center of pressure) . This 

. ' bend i s  more prominent for  the wing with A = 1 than  for the wings with 

sharp break occurs a t  for the wings with A = 2 and A = 3 
but for the wing with A = 1 at  the lower  Reynolds numbers the sharp 
break occurs  before C at  a point where there is  a slight  break 

- 
cLmax 

k 
(or  reduction fn slope) in the lift curve.  Since no pressure measure- 
ments or  tuf't   studies were =de, a deta i led  correlation of these force 
and moment breaks with the accompanying flow cannot be given. However, 
such phenomena are believed t o  be related t o  the development of the 
eeparated t i p  vortices and t o  the developent of boundary-layer separa- 
t i on  on the  inboard areas. Similar flaws and their mechanisms are d i s -  
cussed i n  references 3 and 4. 

Lift-curve slope. - ~n figure 3 the  l if t-curve slopes, at  a = 00, 
are plotted against Reynolds number for  the m o t h  and rough conditions. 
In general,  roughness  reduced  the slopes only slightly and there appears 
t o  be a slight but definite increase of e l ~ p e  with Reynolds number. In 
order   to  show a comparison  between the experiments1  lift-curve slopes 
obtslned in the tests and the l if t-curve slopes predicted by an accepta- 
ble  theory, the following table i s  given. In  the table ,  the theoret ical  
values of cL are taken from figure u of reference 5 (the slopes were 
computed by Weissinger's method and based on a section lift-curve slope 
of 2x) .  The experimental  values of C in the table are for the smooth 

a i r f o i l s  at R = 3.0 x lo6: 

a 

La 

A Theoretical C 
(%)a = 00 

Experimental C ( &)a = 00 

1 
2 

0.029 0.024 

057 m 4  3 
.044 .Ob2 
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 he experimental val&s a re  slightly lligher than the theore t ica l  values; 
however, they follow the theoret ical   t rend rather closely. 

Maximum lift. - For the w i n g 8  of aspect ratio 2 and 3, as shown i n  
figure 4, there is a definite increase Fzl maximum lift coefficient C 

with increasing Reynolds number through the range of these t e s t s .  A8 
previously  explained,  because of the limit on the angle-6f-attack range 

not be included i n  figure 4. -ever, a comparison of that portion of 
the lift curye  obtafned for   the  w i n g  with A = 1, p a r t i c u l a r l y   a t  the 
lower Reynolds nhbe r s ,  with the lift curve f o r  the wing with A = 2 
( f ig .  2) shows that the highest values of CL obtained  for the w h g  
w i t h  A = 1 were generally as high o r  higher t- the C ValUeS 

a t  corresponding R f o r  the wing with A = 2 even though the wlng w i t h  
A = 1 had not  reached C Therefore, it may be inferred that there 

is an increase in C as the aspect r a t i o  is decreased from 2 t o  1. 

This phenomenon is  due to  an increaee, w i t h  decreasing  aspect  ratio, i n  
the re la t ive  area covered by the t ip   vo r t i ce s ,  w h i c h  have the effect of 
preserving  reattachment of tb f l o w  after  separation a t  the forward part 
of the w i n g  to larger angles of attack. The nbubble" formed by reattach- 
ment of  the flow has a definite camber effect, hence, the high lift coef- 
f i c i en t s  (we, for  example, r e f .  3) : 

%lax 

of the s t ing  muzlt, the values of c Lmax f o r  the wing with A = 1 could 

Lmax 

%lax' 

Lmax 

For the w i n g s  wlth leadingedge roughness, there is  only  a slight 
increase In with increasing R and the values of 
lawer than the corres'pnding values fo r  Bmooth a i r f o i l  surf'ecee. Ekom 
the  resul t6  of  reference 4, it would be expected that m e r  values of 

would be  obtaFned for  winge w l t h  leadingedge roug2mess. 

CLmaX are 

.%&x _ .  . 
A camparison of the section maximum Ilft values (obt&ined from 

ref. 6 )  vith the values of C k  of figure 4 at  Reynolds numbers from 

0.7 x 106 to 3.0 x 106 showed that the section and wlng c u r n s  of max- 
imum lift against Reynolds number have the same shap. As expected, 
however, the w i n g  maximum lift values are lower than the eection maximum 
lift values for both m o t h  and rough  conditions because of the three- 
dimensional. e f f ec t s  of the w i n g .  

I 

Worn an investigation of the aerodynamic characterietics  of three 
lov-aspect-ratio wings (A = 1, A = 2, and A = 3) w i t h  rectangular plan 

b 
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forms, square-cut wing t ips ,  end NACA 0012 a i r fo i l   s ec t ions  a t  seven 
Reynolds numbers from 0.4 x lo6 t o  3.0 x 10 6 , the following  conclusions 
Can be dram: 

1. The lift curves  increase in slope beyond the low-angle-of-attack 
linear range, with the bend becoming mre prominent as the aspect   ra t io  
i s  decreased. In the region where the lift curves start t o  bend, the 
elope of the c m  of pitching moment about the quarter-chord  point 
changes f r o m  small posi t ive  to  small negative  values. A t  high angles of 
at tack  there  fs a sharp stable break in the moment 'curve which occur8 a t  
the s t a l l  for the wings of aspect   ra t io  2 and 3. For the  wing of  aspect 
r a t i o  1 the sharp bkeak occurs  before the stall,  a t  a point where the 
lift curve shows a reduction in  slope. 

2. There is a al ight   scale  effect on the lift-curve slope at zero 
lift. A comparison of the experimental  values of l if t-curve slope with 
theoretical  vsluea  obtained by the Weissinger method shows the experi- 
mental  values t o  be slightly higher than predicted by theory. 

3. For the wings with emooth mrfaces,  there is a definite  increaae 
in maximum lift coefficient with increaelng Reynolds number. For the 
wings with leading-edge  roughness added, there was only a slight increase 
in the lnaximum lie coefficient w i t h  Reynolds number. A comparison of 
curves  of the wing maximum lift .value8  againat Reynolds number with 
similar curves for  section maximum lift valuee ahows the  curvea t o  have 
the same ehape although the wing values are lower than  section  valuee 
becauee of threedimensional  effects.  

Langley Aeronautical  Iaboratory 
National  Advisory Committee for Aeronautics 

Langley Field, Va . 



~ C A  FM 15x18 7 

c 

c 1. Von Doenhoff, Albert E., and Abbott, 3kank T. ,  Jr. : The b @ g  Two- 
Dimensional Lar-Turbubnce Preseure Tunnel. IUCA Tl'l 1283, 1947. 

2. Kstzoff, S., and Hannah, Margery E.: Calculation of Tunnel-Ihduced 
m s h  Velocities  for Swept  and mwed Wings. NACCI TN 1748, 1948. 

3. Wfnter, E. : Flow F%enanena on Plates and Airfoils of Short Span. 
MCA '1M 798, 1936. 

4. Inftin, Laurence K. ,  Jr., and  Bursnall, W i l l i a m  J. : The Effects of 
Variations in  Reynolds Number  Between 3 .O x 106 and 25.0 x 106 
Upon the Aerodynamic Characteristics of a Nmiber of HAUL &series 
Airfoil  Sections. RACA Rep. 964, 1950. (Supersedes HACA  T!H 1773 .) 

5. -Young, John, end -per, Cherlee W.: Theoretical Symmetric Span 
Loadlng at  Subsonic  Speeds for Wings Having Arbitrary Plan Form. 
MCA Rep. gu, 1948. 



Figure 1. - Model mounted on sting balance. 
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Bigure 2.- Concluded. 
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